Stink bugs (Hemiptera: Heteroptera: Pentatomidae) that occur in Minnesota wheat have received little attention. Due to the invasion of Halyomorpha halys (Stå l) and the increasing abundance of native stink bugs in the region, a 2-yr statewide survey and 2-yr season-long survey were conducted to characterize the species composition, abundance, and seasonal dynamics of Pentatomidae in wheat. Surveys were performed using sweep-net sampling in wheat fields. Fourteen species of Pentatomidae (thirteen herbivorous and one predatory) were detected across both surveys. The recent invader, H. halys, was not collected in either survey. In the statewide survey, Euschistus variolarius (Palisot de Beauvois) was the most abundant species (63.08 and 75.33% of adults in 2011 and 2012, respectively) and the most prevalent species (collected from 10.53 and 51.54% of fields in 2011 and 2012, respectively). Species of intermediate abundance and prevalence were Euschistus servus euschistoides (Vollenhoven), Euschistus ictericus (L.), and Podisus maculiventris (Say). Across both years of the season-long survey, adults of herbivorous species first appeared in fields in early June followed by the appearance of herbivorous nymphs in early July. The abundance of nymphs peaked in late July to the beginning of August in 2013 and in early July in 2014. Adults were detected in fields throughout the season. The results presented here provide baseline information on the species composition, abundance, and seasonal dynamics of Pentatomidae in Minnesota wheat and will be necessary for documentation of changes to this fauna.
Winter and spring wheat (Triticum aestivum L.) were harvested from 477,529 and 12,950 hectares, respectively, in Minnesota in 2014 (National Agricultural Statistics Service [NASS] 2015) . Winter and spring wheat in Minnesota generally reach the heading growth stage in late spring or early summer and mature by mid-to late summer (Simmons et al. 1995) . Insect pests of Minnesota wheat include aphids (Aphididae), armyworm [Pseudaletia unipuncta (Haworth)], Hessian fly [Mayetiola destructor (Say)], wheat midge [Sitodiplosis mosellana (Géhin)], grasshoppers (Orthoptera), and wireworms (Elateridae) (Holen and Ostlie 1992, Noetzel et al. 1985) . In North America, Pentatomidae (i.e., stink bugs) are considered minor pests of wheat, but serious injury does occur in isolated fields (McPherson and Greene 2007) . Pentatomid-related injury has been reported for wheat fields in the southeastern United States (McPherson and Greene 2007) , Utah (Knowlton 1953) , and western Canada (Jacobson 1945 (Jacobson , 1965 . Pentatomidae have not been pests of significance to wheat production in Minnesota (Noetzel et al. 1985) .
Recently, however, Pentatomidae have received increasing attention as crop pests in Minnesota and other states in the north central region of the United States. In particular, the invasion of the brown marmorated stink bug, Halyomorpha halys (Stå l), poses a threat to many crops. The first detection of H. halys in North America occurred in 1996 in Pennsylvania (Hoebeke and Carter 2003) . H. halys has since spread to 41 states (Lee et al. 2013) and was first detected in Minnesota in 2010 (Koch 2014) . This species has a broad host range and has become a significant crop pest in the eastern United States (Leskey et al. 2012 , Rice et al. 2014 . Wheat is a reported host plant for H. halys in Asia (Lee et al. 2013) and North America (Leskey et al. 2012 , Rice et al. 2014 . Observations from the eastern United States indicate that populations of H. halys develop in wheat during the milk and dough stages (Leskey et al. 2012 , Rice et al. 2014 ), which are susceptible to feeding by Pentatomidae (Viator et al. 1983 ). However, impacts of H. halys feeding on wheat and treatment thresholds remain to be determined. In addition to the invasion by H. halys, the abundance and pest status of native Pentatomidae in crops in the north central region of the United States may be increasing (Hunt et al. 2011 (Hunt et al. , 2014 Michel et al. 2013) .
Feeding by Pentatomidae causes mechanical and chemical injury to plants (Hori 2000) . In a wheat field in Alberta, Canada, Chlorochroa sayi (Stå l) feeding caused shriveled kernels, which resulted in reduced germination and commercial grade (Jacobson 1945) . In a growth chamber study, C. sayi feeding on wheat increased tillering, reduced number of kernels per head and kernel weight, and increased shriveling and discoloration of kernels, depending on magnitude and duration of infestation and timing of infestation relative to plant growth stage (Jacobson 1965) . The injury attributed to C. sayi in western Canada was later determined to be caused by Chlorochroa uhleri (Stål) (Scudder and Thomas 1987) . In a cage study, Nezera viridula L. and Oebalus pugnax (F.) were shown to affect wheat kernel weight and quality (germination and baking properties) (Viator et al. 1983) . A Neotropical species, Dichelops furcatus (F.), was recently shown to cause occasional yield loss and reduced germination of wheat in Brazil (Panizzi et al. 2016) . The mechanisms by which heteropteran salivary enzymes affect wheat quality have been reviewed by Hori (2000) . Control measures for Pentatomidae in wheat are typically only necessary during the milk stage and when densities reach 2 individuals per 20 spikes (Viator et al. 1983, McPherson and Greene 2007) .
In addition to causing direct injury to the wheat crop, Pentatomidae in wheat also pose a threat to other crops on the landscape. In the southern United States, wheat is among the earliest maturing agricultural crops and is a source of Pentatomidae [e.g., Euschistus servus (Say)] that move into later maturing crops, such as corn (Jones and Sullivan 1982 , Buntin and Greene 2004 , Blinka 2008 , Reay-Jones 2010 , Reisig 2011 , Reisig et al. 2013 , Reay-Jones 2014 , Pilkay et al. 2015 . Wheat is also among the earliest maturing agronomic crops in northern states and could potentially serve as a source of Pentatomidae that could invade other later-maturing crops; however, this phenomenon remains to be evaluated in Minnesota.
The species composition, abundance, and seasonal dynamics of Pentatomidae in Minnesota wheat remain unknown. Therefore, two surveys (one statewide and of limited duration, and the other season-long and of limited geographic scope) were conducted to document the pentatomid fauna associated with Minnesota wheat and to determine the presence of H. halys in this crop.
Materials and Methods

Statewide Survey
Minnesota wheat fields were sampled for Pentatomidae in 2011 and 2012 ( Fig. 1) . A total of 247 and 293 fields were selected for sampling in 2011 and 2012, respectively, with no a priori knowledge of crop health, management practices, or pest populations. Though variable, typical sizes of wheat fields are 32 and 64 ha in southern and northern Minnesota, respectively (J. Wiersma, personal communication) . Sampling was performed from 3 June to 21 July in 2011 and from 11 June to 12 July in 2012. Sample units comprised sets of 30 180sweeps with a 39-cm-diameter sweep net. Within each field two sets of sweeps were collected from the field edge (i.e., 5 to 50 m into the field) and two sets from the field interior (i.e., greater than 50 m into the field). Simmons et al. (1995) was used to determine the average wheat growth stage for most wheat fields. The number of fields sampled and median date for each wheat growth stage are shown in Table 1 . Contents of the sweep-net samples were placed into 3.78liter, plastic zipper-locking bags, which were stored in a À20 C freezer for later processing and identification of specimens. Rider (2012) and Paiero et al. (2013) were used for identification of pentatomid adults. Herbivorous and predatory pentatomid nymphs were distinguished based on thickness of the proboscis.
To calculate species-specific relative abundance (i.e., percent of total adults comprised of a given species), species-specific frequency of detection (i.e., percent of fields with a given species), frequency of detection by crop growth stage for herbivorous Pentatomidae pooled across species and life stages, and ratio of nymphs to adults of herbivorous Pentatomidae (pooled across species) by crop growth stage, subsamples from the edge and interior of fields were combined. For fields from which adult Pentatomidae were collected (39 and 184 fields in 2011 and 2012, respectively), species of Pentatomidae were ranked by abundance within fields and nonparametric comparison was made among species using a Friedman test and associated multiple comparisons as described by Ipe (1987) (PROC RANK, PROC GLM, SAS Institute 2014). Species-specific frequency of detection and frequency of detection by crop growth stage were analyzed using logistic regression and a Type 3 likelihood ratio test for significance of the effect (PROC GENMOD, SAS Institute 2014) with Tukey-Kramer-adjusted pairwise comparisons of least squares means. EstimateS 9.1.0 was used to calculate sample-based rarefaction curves and confidence intervals for pentatomid species in each year (Colwell 2013) . The effect of distance into the field on abundance of herbivorous Pentatomidae was assessed using a Wilcoxon signed-rank test (PROC UNIVARIATE, SAS Institute 2014). Prior to analysis, fields from which no herbivorous Pentatomidae were captured were removed from the data set. The analysis then compared the difference in average number of herbivorous Pentatomidae between locations (edge versus interior) of each field to zero, which would indicate no difference between locations.
Season-Long Survey
A season-long survey was performed in two commercial wheat fields at the University of Minnesota Outreach, Research and Education Park in Dakota County, Minnesota, in 2013 and 2014. In 2013, wheat seed (variety: Glenn) was planted into a 24.79-ha field on 30 April, and seed (variety: Faller) was planted into a 3.78-ha field on 7 May. In 2014, wheat seed (variety: Glenn) was planted into a 3.78-ha field on 23 April and a 31.98-ha field on 26 April. Management of the fields was in accordance with standard agronomic practices for the state (Wiersma et al. 2012 ) and insecticides were not applied to the fields in either year. Pentatomidae were collected via sweep net sampling with a sampling frequency of seven to ten days from early June to mid-August. Sample units comprised sets of 25 pendulum-style sweeps with a 39-cm-diameter sweep net. On each sample date in each field in 2013, two sets of sweeps were collected from the field edge (i.e., less than 15 m into the field) and two sets from the field interior (i.e., greater than 50 m into the field). In 2014, the sampling intensity on each sample date in each field was increased to four sets of sweeps from the field edge (i.e., less than 15 m into the field) and four sets from the field interior (i.e., greater than 50 m into the field). Contents of the sweep-net samples were placed into 3.78-liter, plastic zipper-locking bags, which were stored in a À20 C freezer for later processing and identification of specimens. Rider (2012) and Paiero et al. (2013) were used for identification of pentatomid adults. Decoursey and Esselbaugh (1962) was used to identify nymphs to genus. Counts of herbivorous adults and nymphs were standardized to individuals per 100 sweeps and averaged across the two fields for each sample date.
Results
Statewide Survey
Over two years (2011 and 2012) of the statewide survey, a total of 952 Pentatomidae were collected from wheat fields in Minnesota. In 2011, 34 herbivorous nymphs and 65 herbivorous adults were collected, but no predatory nymphs or adults were collected. In 2012, 85 herbivorous nymphs, 700 herbivorous adults, 14 predatory nymphs, and 54 predatory adults were collected. The adult Pentatomidae collected over the two years comprised a total of 13 species (8 species in 2011 and 12 species in 2012) ( Figs. 2 and 3) . The sample-based rarefaction curves approached asymptotes in both years ( Fig. 4 ), suggesting a sufficient sampling effort in both years. Overlapping 95% confidence intervals for the sample-based rarefaction curves indicate that the number of species collected from wheat fields was similar between years (Fig. 4) .
The recent invader, H. halys, was not collected in this survey of Minnesota wheat fields. Across years, relative abundance of individual species detected in a given year ranged from 0.13% to 75.33% (Fig. 2) . Abundance differed significantly among species (2011: F ¼ 19.97, df ¼ 7, 266, P < 0.0001; 2012: F ¼ 158.50, df ¼ 11, 2013, P < 0.0001). Euschistus variolarius (Palisot de Beauvois) was the most abundant species and comprised 63.08 and 75.33% of adults in 2011 and 2012, respectively (Fig. 2) . In 2011, Euschistus servus euschistoides (Vollenhoven) was of intermediate abundance, comprising 20.00% of adults ( Fig. 2A) Fig. 3 ). In 2011, E. variolarius and E. servus euschistoides were the most prevalent species, found in 10.53 and 5.26% of fields, respectively (Fig. 3A) . In 2012, E. variolarius was the most prevalent species (51.54%), followed by P. maculiventris and E. ictericus (12.63 and 9.90%, respectively; Fig. 3B ). Least squares means of species abundance rankings and percent relative abundance correlated well across species (Fig. 3) ; however, the least squares means of species abundance rankings was slightly lower for E. ictericus than P. maculiventris, despite E. ictericus having a slightly higher percent relative abundance than P. maculiventris (Fig. 3B) .
In 2011 and 2012, herbivorous Pentatomidae (nymphs or adults) were collected from 20.73 and 64.85% of fields, respectively (Fig. 5A ). In 2012, 5.12% of fields surpassed 10 nymphs and adults per 100 sweeps and 1.02% of fields surpassed 20 nymphs and adults per 100 sweeps (Fig. 5A ). However, in 2011, populations did not reach these higher density classes (Fig. 5A) . In 2011, the frequency of detection of herbivorous pentatomid nymphs and adults did not vary among the growth stages sampled (germination to flowering; v 2 ¼ 0.16, df ¼ 2, P ¼ .9252; Fig. 5B ). In 2012, the frequency of detection was greater during head-emergence to ripening stages (47.50 to 75.00%) compared to during the boot stage (25.00%; v 2 ¼ 18.72, df ¼ 5, P ¼ 0.0022; Fig. 5B ). Nymph-to-adult ratios in 2011 were zero for all wheat growth stages sampled (germination to tillering, boot, head emergence, and flowering). Though nymphs were detected in 2011, those nymphs were collected from fields for which the wheat growth stage was not recorded. Nymph-to-adult ratios in 2012 were 0.00, 0.00, 0.02, 0.09, 0.23, and 2.78 for boot, head emergence, flowering, milk, dough, and ripening stages, respectively. In 2011 and 2012, the abundance of herbivorous Pentatomidae did not differ between the edge and interior of fields 
Season-Long Survey
Sampling of two fields per year for two years yielded a total of 57 Pentatomidae. In 2013, 15 herbivorous nymphs, 15 herbivorous adults and 2 predatory nymphs were collected, but no predatory adults were collected. In 2014, 3 herbivorous nymphs, 10 herbivorous adults, 10 predatory nymphs and 2 predatory adults were collected. Among adults, six herbivorous and one predatory species were detected. Euschistus variolarius was the most abundant species in both 2013 and 2014 (80.00 and 41.67% of adults, respectively; Fig. 6 ). The only other species that was detected in both years was H. limbolarius (6.67 and 8.33% of adults in 2013 and 2014, respectively; Fig. 6 ). In addition, E. ictericus and Mecidea major Sailer were detected at low densities in 2013 (both at 6.67% of adults) and Cosmopepla lintneriana Kirkaldy, E. servus euschistoides and P. maculiventris were detected in 2014 (all at 16.67% of adults; Fig. 6 ). In both years, two genera of nymphs were detected, with Euschistus spp. comprising 88.24 and 23.08% of nymphs in 2013 and 2014, respectively, and Podisus spp. comprising 11.76 and 76.92% of nymphs in 2013 and 2014, respectively (Fig. 6) .
Herbivorous Pentatomidae were detected in wheat fields from early June to early August (Fig. 7) . Across both years, adults of herbivorous species first appeared in fields between 6 and 11 June, followed by appearance of herbivorous nymphs near 1 July. The abundance of nymphs peaked between 24 July and 1 August 2013 and on 7 July 2014. Adults were detected in fields throughout the season.
Discussion
Of the 51 species of Pentatomidae in Minnesota M. major, O. pugnax, T. custator accerra) have been previously reported from wheat (McPherson 1982 , McPherson and McPherson 2000 , Rice et al. 2014 . Across the two surveys of this study, 14 species (13 herbivorous and one predatory) of Pentatomidae were collected from Minnesota wheat (Figs. 2, 3, and 6) . In both the statewide and season-long surveys, E. variolarius was the most abundant and prevalent pentatomid. E. variolarius is a polyphagous pentatomid and has been reported on wheat (McPherson 1982) . It is relatively uncommon in the southern United States (Parish 1934) , but is a predominant pentatomid species in Minnesota crops (Cranshaw and Radcliffe 1984 , Koch and Pahs 2014 , Koch and Pahs 2015 , Koch and Rich 2015 . In 2011 and 2012, other species of high abundance and prevalence in Minnesota wheat were E. servus euschistoides, E. ictericus and P. maculiventris. Among the herbivorous species, E. servus has been recorded from wheat in other regions of the United States (Jones and Sullivan 1982 , Buntin and Greene 2004 , Koppel et al. 2009 , Reay-Jones et al. 2010 , Reisig et al. 2013 , Reay-Jones 2014 , Pilkay et al. 2015 ), but we are unaware of E. ictericus being previously reported from wheat. Furthermore, the present survey documented several other species (i.e., B. dimidiata, C. lintneriana, M. minor, and Neottiglossa undata (Say)) that appear to not have been previously reported from wheat. Of particular interest is the single specimen of M. major collected in 2013 during the season-long survey at the University of Minnesota Outreach, Research and Education Park in Dakota County, Minnesota. M. major, which has been previously reported from wheat, is generally considered a more southerly species occurring as far north as Missouri and southern Illinois (McPherson 1982) . However, recently made the first report of M. major in Minnesota, based on four specimens that were collected from 1999-2001 at the Cedar Creek Ecosystem Science Reserve in Anoka and Isanti counties, Minnesota. These repeated detections may be suggestive of an established population of M. major in Minnesota, but further work is required to document reproduction of this species in Minnesota.
The pentatomid fauna of wheat in Minnesota differs from that in southern states. Whereas E. variolarius was the most abundant species in Minnesota wheat, this species is infrequently encountered in wheat in the southeastern United States. The most abundant species in North Carolina wheat were E. servus and O. pugnax (Reisig et al. 2013) . In South Carolina, the most abundant species in wheat were E. servus, O. pugnax, N. viridula, and Thyanta custator (F.) (Reay-Jones 2010). E. tristigmus and Euschistus quadrator (Rolston) were also detected, but were much less abundant (Reay-Jones 2014) . In a survey of pentatomid eggs in Virginia wheat (heading stage), E. servus was the only species recovered (Koppel et al. 2009 ). The most abundant species in Georgia wheat were O. pugnax, E. servus, and N. viridula (82-90% combined), but T. custator accera, E. tristigmus, E. variolarius, E. quadrator, Euschistus obscurus (Palisot) and P. maculiventris were also found (Buntin and Greene 2004) .
Thirteen herbivorous and one predatory species of Pentatmoidae were detected in Minnesota wheat (Figs. 2, 3, and 6 ), compared to 12 herbivorous and two predatory species in Minnesota soybean (Koch and Pahs 2014) and four herbivorous and one predatory species in Minnesota corn (Koch and Pahs 2015) . Similar to wheat, E. variolarius is the most abundant species found in soybean (60.51 and 79.55% in statewide and season-long surveys, respectively) (Koch and Pahs 2014, Koch and Rich 2015) . In addition to E. variolarius, other species in common between wheat (Figs. 2, 3 , and 6) and soybean, but at lower abundance, were Chinavia hilaris (Say), C. delius, C. lintneriana, E. ictericus, E. servus euschistoides, Euschistus tristigmus luridus Dallas, H. limbolarius, N. undata, P. maculiventris, and T. custator accerra (Koch and Pahs 2014) . The species of Pentatomidae detected in corn (Koch and Pahs 2015) also occur in wheat (Figs. 2, 3, and 6) . In corn, E. variolarius or E. servus euschistoides were the most abundant species depending on year (55.07 and 42.81% for E. variolarius and E. servus euschistoides, respectively; Koch and Pahs 2015) .
According to Buntin and Greene (2004) , one sweep samples approximately 60 grain spikes. Therefore, the threshold of 2 individual pentatomids per 20 spikes (McPherson and Greene 2007) could be extrapolated to 6 individuals per sweep (600 individuals per 100 sweeps). For both surveys in Minnesota, densities of Pentatomidae were below threshold. In the statewide survey, densities of herbivorous Pentatomidae ranged from 0.00 to 27.00 individuals per 100 sweeps. In the season-long survey, densities of Pentatomidae ranged from 0.00 to 3.50 individuals per 100 sweeps. In Georgia wheat, mean densities of adults and nymphs of herbivorous Pentatomidae ranged from 1.73 to 17.32 individuals per 100 sweeps (Buntin and Greene 2004) . Maximum densities observed in South Carolina wheat (heading stage) were 10.4 individuals per 100 sweeps (Reay-Jones 2010). In Utah, infestations of C. sayi were more than 15 individuals per sweep (1,500 individuals per 100 sweeps; Knowlton 1953) .
In both years of the Minnesota survey, herbivorous adults were present at low densities in early wheat growth stages, and nymph populations peaked later in the growing season (i.e., adults peaking in late-June, nymphs peaking in mid-July; Fig. 7 ), which appears similar to what has been reported in the southeastern United States. For example, Reay-Jones (2010) reported that populations of adult Pentatomidae begin to build in the boot stage (April) in South Carolina. Specifically, E. servus peaked at the boot stage and near harvest, T. custator began increasing in earlydough stage, and O. pugnax peaked in milk and dough stages. Nymphs (across species) increased as heads matured. Additionally, Pilkay et al. (2015) reported that nymphs (across species) did not appear in wheat prior to the dough stage. Furthermore, E. servus was the first species to appear (i.e., during tillering and early boot) and peaked in the milk stage, while O. pugnax peaked in the heading stage and T. custator increased in early dough stage (Reay-Jones 2014).
In the southeastern United States, wheat is among the earliest maturing crops and pentatomid populations build there and move to later maturing crops (e.g., corn; Jones and Sullivan 1982 , Buntin and Greene 2004 , Blinka 2008 , Reay-Jones 2010, Reisig 2011 , Reisig et al. 2013 , Reay-Jones 2014 , Pilkay et al. 2015 . A similar phenomenon may occur in Minnesota agricultural landscapes, where wheat is also an early-maturing crop. For instance, when the phenology of herbivorous Pentatomidae in wheat fields is compared to that of soybean fields from the same farm and within a 2-km radius (Fig. 7) , it is apparent that populations of herbivorous Pentatomidae increased and peaked in wheat (17 July to 8 August) before populations increased and peaked in soybean (29 August to 5 September). E. variolarius was the most abundant pentatomid in both crop types. Further work is needed to determine if herbivorous Pentatomidae are indeed moving from wheat to other later maturing crops in Minnesota (e.g., Boina et al. 2009 ).
The results presented here provide baseline information on Pentatomidae in Minnesota wheat for later documentation of changes to this fauna as a result of the invasion of H. halys, and to determine if native Pentatomidae continue to increase in abundance. Further work is needed to examine the Pentatomidae in additional crop and noncrop habitats in Minnesota. Koch and Rich (2015) .
